ABSTRACT
Introduction
The introduction and expression of foreign genes by genetic transformation on plants is nowadays a routine practice for many species (4) . The possibility to integrate foreign genes into the genome of higher plants and successfully regenerate fertile transformants provides an additional opportunity for their improvement. However, the stability of integration and expression is of crucial importance for the further application of such plants. Genes introduced into dicotyledons via Agrobacterium-mediated methods appear to be very stable and are usually inherited in a Mendelian fashion (1, 5, 6, 9, 20) . The foreign DNA is integrated at random (15) as a single, as or multiple copies (2, 22, 24) . Recently (17) we showed increased freezing tolerance in oriental type tobacco, transformed to accumulate osmoprotectans (proline, fructan or betaine). In the present study, we show the inheritance and stability of foreign genes, coding the accumulation of proline or fructan in all types of commercially grown tobacco and the improved freezing tolerance in broad-leaf tobacco cultivars.
Materials and Methods

Plant material
Three cultivars, representing the three types of commercially grown tobacco (Nicotiana tabacum) were used in the experiments Nevrokop 1146 (oriental-type), Coker 254 (flue-cured) and Burley 21 (Burley type). They are known to be of high quality and wide-spread use in Bulgaria (23) . Seeds were surface sterilized and put to germinate on MS (21) basal medium. Well-developed seedlings were cloned and subcultured every 4-5 weeks. All in vitro experiments were performed at 25 C and 16/8 h light/dark period.
Genes
For overaccumulation of proline we used gene encoding the key enzyme of proline biosynthesis -∆ 1 -Pyrroline-5-carboxylatesynthetase (P5Cs) and isolated either from Vigna aconitifolia (VacP5CS) (14) or Arabidopsis thaliana (AtP5CS) (28) . For accumulation of fructan we transformed tobacco with SacB gene (27) , coding for the enzyme levan sucrase in Bacillus subtillis, which catalyzes the biosynthesis of bacterial fructan -levan (8) .
Bacteria strains and plasmids
The following bacteria strains and plasmids were used for transformation: Escherichia coli strains DH5á (10) and HB101 carrying pRK2013 (18) , and Agrobacterium tumefaciens strain LBA4404 carrying pAL4404 (12) . The cDNAs for AtP5CS (28) and VacP5CS (16) and SacB gene (in pKP construct) (8) respectively were put under the control of 35S promoter of cauliflower mosaic virus (CaMV) in binary vector pNFHKI carrying Km and Hyg marker genes (Fig. 1) . Three parental mating with helper HB101 (pRK2013) was used for transformation of Agrobacterium. Bacteria were grown and plasmids extracted according to Sambrook et al. (26) .
Plant transformation
Laf disc procedure for transformation was applied (13) . After overnight co-cultivation with Agrobacterium, leaf explants were put on regeneration medium (13) with 500 mg/ l claforan and 100 mg/l kanamycin for selection. Green explants were subcultured every two weeks on medium with 300 mg/l claforan and 100 mg/l kanamycin. The regenerants were transferred to root on MS basal medium with 100 mg/l kanamycin. Putative transformants were cloned for further studies in vitro and in vivo.
Analysis of primary transformants
PCR and TLC analysis and freezing test were performed as previously described (17) . PCR reactions were performed in total volume of 30 ìl at following conditions: 94 (17) . TLC for fructan determination was performed according to Rober et al. (25) . C C under continuous light for at least 24 h. After freezing, plants were allowed to recover for 24 h at normal temperature. The plants, which were able to recover and grow further, were considered tolerant. The experiments were performed twice with every line and four to ten plants per treatment.
Analysis of transgenic progenies
Antibiotic selection conditions The concentrations of 100 mg/l Km and 7 mg/l Hyg, determined in previous experiments (17) were applied in the selection of transgenic seeds for further investigations.
DNA isolation and Southern blot analysis
Total DNA was prepared from leaves following the method of Delaporte et al. (7) . 15 ìg DNA was digested overnight at 37 0 C with EcoRI or SacI and separated on 0.8% agarose gel. DNA was then transferred onto nylon membrane (Hybond N+, Amersham Pharmacia Biotech) by the neutral method according to the manufacturer's instructions. For hybridization, AtP5Cs, VacP5Cs, and SacB probes were labeled by incorporation of dUTP linked to digoxigenin (DIG) during PCR (PCR DIG Probe Synthesis Kit, Roche Molecular Biochemicals). After hybridization, the filters were washed twice at room temperature with 2 x SSC + 0.1% SDS for 5 min and twice at 42 0 C with 0.5 x SSC + 0.1% SDS for 20 min. The hybridization was detected immunologically with alkaline phosphatase conjugated to antibodies against DIG and the chemiluminescence substrate CSPD (Roche Molecular Biochemicals).
Chemiluminescence was recorded on X-ray films. Primers used for generation of probes in the PCR were as follows:
Atp5cs-forward (5'-3'): ACTGTTTGAACAGCTTGCG Atp5cs-reverse (5'-3'): TGACTTTTGCAGTCATACC Vacp5cs-forward (5'-3'): AGGAAGGCTCCCTATGAGG Vacp5cs-reverse (5'-3'): GTGCAGGAGTAACATCAGC SacB-forward (5'-3'): CGTCTTTAAAGACAGCGAC SacB-reverse (5'-3'): TAATGCCGTCAATCGTCAT
Results and Discussion
Plant transformation and selection for freezing tolerance in T0 progeny. We performed Agrobacterium-mediated transformation with separate transfer of AtP5Cs, VacP5Cs and SacB genes, respectively. The screening procedure of putative transformants from Burley 21 and Coker 254 was similar to that applied previously to Nevrokop 1164 (17) . To confirm the presence of AtP5Cs or VacP5Cs genes, PCR analysis was performed. In the case of SacB, TLC for fructan accumulation was considered sufficient to confirm the transgenic nature. About 50% of the plants successfully rooted on selection medium, showed the presence of foreign genes ( Table 1) . Randomly chosen putative transformants of Burley 21 and Coker 254 were cloned and subjected further to freezing stress. Most of them survived and were grown to fertility.
T1 generation
Segregation analysis T1 populations of 3 tobacco cultivarsNevrokop 1146, Burley 21 and Coker 254 were screened using random samples of seeds, subjected to germination on MS with kanamycin and hygromycin. Wild type tobacco is sensitive to the antibiotics -the seeds germinated but were not able to root and died in one month. We found various segregation patterns for Km/Hyg resistance for the transgenic lines.
•AtP5Cs transgenic lines The heritability of the AtP5Cs gene was determined in freezing tolerant T0 transformants ( Table 2) . We observed various segregation patterns in 8 independent T0 plants of Nevrokop 1146. Two lines (AtP5Cs26 and AtP5Cs62) were with normal 3:1 (monohybrid) Mendelian segregation. The segregation ratios of other 4 transgenic lines were less than 3:1, which is an indication for gene inactivation. This could be a result of a position effect and/or different copy numbers (19 gene integration into the plant genome (3). A normal 3:1 (monohybrid) Mendelian segregation was determined in AtP5CS16 (Burley type), while among the Coker 254 transgenic lines two were with monohybrid segregation and one -with more than one copy of the transgene ( Table 2 ).
• VacP5Cs transgenic lines We followed the segregation patterns of 16 independent T0 plants transformed with VacP5Cs gene ( Table 3) . Three of six Nevrokop lines showed a 3:1 ratio of segregation. In two lines -VacP5Cs19 and VacP5Cs24, we found a 15:1 segregation ratio. Line VacP5Cs20 was characterized with loss or gene inactivation. Three Burley type lines showed 3:1 segregation ratio, which means that the integration of transgene was in a single locus. Line VacP5Cs6 showed 2:1 ratio of segregation indicating homozygous lethality (3) . The estimated number of loci was two for VacP5Cs19 line (Burley type) and one for all five lines of Coker 254 ( Table 3) .
• SacB transgenic lines Three lines of Nevrokop 1146 were with normal 3:1 (monohybrid) Mendelian segregation ( 
Southern blot analysis
Agrobacterium-mediated transformation often results in insertion of multiple copies of the transgene (11) . In order to determine the number of the copies of transgenes into the genome of each independent transgenic line we performed DNA gel blot analysis. The genomic DNA of transgenic plants was digested with EcoRI (AtP5Cs-, VacP5Cs-transformants) or SacI (SacB-transformants) and hybridized with 0.5 kb AtP5Cs or VacP5Cs probe or 0.7 kb SacB probe. The transgenic lines showed the presence of one to three bands that hybridized with the respective probe, suggesting the integration of trans- genes at one to three independent positions in the genome (Fig. 2, 3, 4) . The position of the transgene insertion varied among transgenic lines.
• AtP5Cs transgenic lines The copy number of AtP5Cs transgene measured by Southern blot analysis was two in both AtP5Cs26 and AtP5Cs62 line. For each of them the number of loci estimated by segregation patterns was one. It is likely that two copies of gene were integrated close to each other on a single chromosome (Fig. 2) . Lines AtP5Cs51 and AtP5Cs6 contained three and two inserts of AtP5Cs gene, respectively at different loci that would segregate independently in the following generations. Two lines AtP5Cs16 (Burley type) and AtP5Cs16 (Coker 254) had one copy of the AtP5Cs gene at a single locus (Fig. 2) . No cross reaction of the AtP5Cs probe with the tobacco P5Cs gene was observed.
• VacP5Cs transgenic lines Line VacP5Cs29 had a single insert of the VacP5Cs gene, while two lines VacP5Cs17 and VacP5Cs21 were with duplicated inserts at a single locus (Fig. 3, Table 3 ). Three transgene copies were found in line VacP5Cs24 at two separate loci. The three Burley transgenic lines were characterized with two inserts of transgene integrated at a single locus ( Table 3) . Three lines of Coker 254 showed the presence of one hybridizing band, suggesting the integration of the VacP5Cs gene at one position in the genome (Fig. 3) . No cross reaction of the VacP5Cs probe with the tobacco P5Cs gene was found.
• SacB transgenic lines Integration positions of SacB gene were determined for nine transgenic lines (Fig. 4) . The Southern blot analysis of lines SacB6 and SacB16 showed three bands corresponding to three inserts of SacB gene in the genome. The segregation patterns for Km/Hyg resistance for these lines were < 2:1, which could be an indication for gene silencing as a result of integration of multiple copies of transgene. For line SacB59 with loss of Km/ Hyg resistance, Southern blot analysis showed the presence of one hybridization band coresponding to one integration posi- tion. For the rest of the transgenic lines with 3:1 segregation ratio a single insert of SacB gene in the genome was proved. No cross reaction of the SacB probe with DNA of nontransformed control plants was found. T2 generation Self-pollination of the selected T1 lines with one or two copies of transgene at a single locus was performed and seeds were obtained. The seeds were screened in vitro for antibiotics resistance. The T2 lines with 100% resistance were considered homozygous and were used for further experiments.
Conclusions
Our results showed that biotech approach to improve abiotic stress tolerance in crops is possible. We developed transgenic lines segregating clearly in Mendelian fashion. This allows the selection of stable subsequent progenies with improved freezing tolerance. Such lines are reported for the first time in the case of broad-leaf tobacco. Further work will be focused on the level of expression of foreign genes and the production of plants with various abiotic stress tolerance.
